The spout region of gas jets in liquids has received little attention, although it has both theoretical and practical significance. In this study, the spout of upwardly injected gas jets in water was characterized experimentally in terms of gas fraction, bubble frequency, and axial velocity distributions for ultimate incorporation into turbulent recirculating flow models. The measurements were made with a two-element electroresistivity probe coupled to a microcomputer. For the turbulent flow conditions prevailing in the jet plume and spout, special hardware and software were developed to analyze the signals generated by contact of the bubbles with the sensor in real time. Correlations of the gas fraction with axial and radial position for different gas flow rates have been established from the measurements. The dimensions of the spout were obtained from time-exposure photographs; when compared with the gas-fraction measurements, the spout boundary always corresponded to values ranging from 0.82 to 0.86. The radial profiles of bubble frequency at different levels in the spout exhibit a bell shape; the bubble frequency decreases with increasing height. The velocity of the bubbles in the spout drops linearly with increasing axial position.
I. INTRODUCTION
A gas-stirred melt can be considered to consist of three regions: a single-phase zone of recirculating liquid, a twophase zone of gas dispersed in liquid, and a spout where the gas discharges from the bath. Most of the theoretical and experimental work to date has been carried out on the liquid zone, the gas-liquid region close to the injection point, and the two-phase zone. Thus, our understanding of the process of bubble formation, the regimes of gas discharge, velocity/turbulence fields, and mixing of liquids has improved considerably in the past few years.
However, the spout region of gas jets in liquids has received little attention, even though it has both theoretical and practical significance. In ladle furnaces, for example, the gas-liquid plume rising through the bath generates turbulence in the upper portion of the vessel, which enhances the kinetics of the reactions at the slagmetal interface. The turbulence in the spout region also increases the absorption of oxygen and nitrogen by the bath. Notwithstanding its importance, the spout region has been neglected in mathematical recirculatory flow models that have been developed for gas-stirred baths, since it has been generally assumed that the bath has a flat top surface; but this reduces the accuracy of the predictions of velocity and kinetic energy, particularly close to the spout region. Owing to its significance in practical gas-stirred systems, the spout of a submerged jet is the focus of the present study. This paper describes the experimental characterization of the spout and presents the resulting correlations of gas fraction with axial and radial position for different gas flow rates. lent recirculatory flow in a gas-stirred liquid, the results of which will be presented in a forthcoming publication, together with the practical bearing of the spout on the gas-injection process.
II. PREVIOUS WORK
A comprehensive review of the literature has revealed that the spout has received little attention by previous researchers, as pointed out earlier. Gray et al. m have qualitatively described the formation of two important regions in the upper portion of a gas-stirred bath, namely, a disengagement zone and a splash zone. Splashing and spitting were studied by Paul and Ghosh ~2] for various tuyere arrangements in physical models of the LD and Q-BOP processes, and comparisons between them were drawn. The LD process was found to exhibit greater splashing and spitting. Also, the influence of different injection positions and design of injectors on splashing was investigated by Robertson and Sabharwal. t3j Modeling of transient, free-surface liquid flow utilizing computer techniques such as MAC and SOLA has been applied to the filling of molds with molten metal by Stoehr. I4] However, such an analysis has not been performed for the spout in a gas-stirred bath.
The mass-transfer coefficient at slag-metal interfaces stirred by injected gas has been characterized by several investigators E5,6,71 in different physical models. The relationship between the mass-transfer parameter (masstransfer coefficient x interfacial area), K, and flow rate, Q, has been determined to be KaQ". The value of the exponent, n, was found to increase abruptly at a critical flow rate. Hirasawa et al. [S] noted that only at very high flow rates does the interfacial area play an important role; at other times, the dominant factor is the metal-side masstransfer coefficient, which, in turn, is governed by the velocity distribution in the spout region. Kim and Fruehan t9~ studied liquid/liquid mass transfer with physical models involving oil and water. They found that the recirculation and the entrainment depth of oil droplets in the water bath are the major parameters which increase mass transfer.
III. OBJECTIVE AND SCOPE OF PRESENT WORK
The objective of the present work has been to conduct an experimental study of the spout formed during vertically upward air injection into a water bath in a cylindrical vessel. Reliable and detailed information was to be obtained on the time-averaged spatial distribution of gas fraction, bubble frequency, and axial velocity in the spout region with a two-element electroresistivity probe coupled to a microcomputer. With this information, the spout region could be characterized quantitatively as a function of gas injection rate. The spout region also was to be observed using a high-speed motion picture camera to determine the instantaneous movement of the surface projection. Finally, time-exposure photographs were to be taken to obtain the steady-state spout boundary.
IV. EXPERIMENTAL

A. Injection System
The apparatus employed in the study of air-water spouts is illustrated schematically in Figure 1 . The bath was contained in a ladle-shaped vessel, which was a one-sixth scale model of a 150-tonne ladle. The bath was deionized water, which was slightly acidified to facilitate the electroresistivity probe measurements. An air delivery system was installed to supply air to the nozzle.
The vessel was made from PLEXIGLAS* plate and *PLEXIGLAS is a trademark of Rohm and Haas Company, Philadelphia, PA.
had an internal diameter of 500 mm with a height of 900 mm. A baffle, consisting of a PLEXIGLAS ring with an external diameter of 496 mm and an internal diameter of 300 ram, was mounted --5 mm above the static level of the bath. This decreased the extent of periodic swaying of the plume and, hence, of the spout, relative to the vessel axis, and thus permitted reproducible measurements. The internal diameter of the baffle did not inter- fere with the spout, insofar as could be ascertained, even at the maximum flow rate investigated. This was determined by raising the baffle farther from the surface and repeating measurements with the electroresistivity probe; essentially the same results were obtained. The nozzle had a straight bore and was located at the center of, and flush with, the bottom of the vessel. The lower end of the nozzle was connected to the air supply through a needle valve to control flow. Constant flow conditions were achieved by means of a high pressure drop across the valve and a small subnozzle volume. The air flow rate was monitored with rotameters, in which the pressure was held constant at 62 kPag (9 psig) in all the experiments. The water and air used were filtered to maintain a clean bath, which prevented measurement problems arising from electrochemical effects and changes in fluid resistivity.
B. Electroresistivity Probe and Data Acquisition
The measuring system was based on a double-contact electroresistivity probe coupled to a microcomputer through a conditioning circuit and a counter-timer parallel input/output interface, tl~
To minimize interference with the flow, the probe diameter was kept small at 3.5 ram. Structural rigidity, to withstand vibrations and buffeting of the turbulent flow, was imparted to the probe by bracing it with four symmetrically positioned wires. Details of the probe design have been given by Castillejos and Brimacombe. tl~
The probe was accurately located at different positions in the spout with the aid of a two-dimensional traversing device, again described in earlier papers, t~~ Measurements of the radial profiles of gas fraction and bubble frequency, as well as of axial profiles of centerline velocity, were performed from 40 mm below the static level of the bath (no injection) to the boundary of the spout at axial intervals of 10 mm; in the radial direction, measurements were made every 5 mm.
The electronic circuit and software were specially developed to perform signal analysis in real time. The analysis, based on pattern recognition, allows the simultaneous acquisition of the data required to calculate the local spout properties and ensures, to a large degree, that the velocities measured are uniquely related to the transit of bubbles moving vertically, and undisturbed, from the lower to the upper electrode.
Some uncertainty remains owing to the impossibility of accurately determining the direction of movement of a bubble with respect to the probe using a double-contact sensor, tl~ This problem manifested itself by the presence of a small number of unreasonably high velocities in the bubble velocity spectrum. A rational method for neglecting the large "velocities" was found by examining their associated pierced lengths. Visual observation of the bubbles from films recorded with a high-speed camera permitted the determination of reasonable upper limits for the pierced length. In the spout region, the maximum acceptable pierced length was 70 mm. This limit was fixed in the treatment of all the data collected. It was seen that the large "velocities" measured, in general, were related to "bubbles" with 72--VOLUME 21B, FEBRUARY 1990
